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Abstract

Intrinsic sensitization is a form of
behavioral facilitation that is distinct from
the extrinsic sensitization normally studied.
To examine whether intrinsic and extrinsic
sensitization are mediated by different
physiological processes, the effects of
5,7-dihydroxytryptamine-induced serotonin
(5-HT) depletion on intrinsic sensitization of
the leech whole-body shortening response
were observed. Previous experiments have
shown that 5-HT depletion disrupts
dishabituation and extrinsic sensitization of
this behavior in the leech. Intrinsic
sensitization was observed in preparations
from both control and 5-HT-depleted
animals, indicating that this form of
behavioral facilitation was not affected by
5-HT depletion. The differences in the
effects of 5-HT depletion on intrinsic versus
extrinsic sensitization suggest that there are
distinct neurophysiological processes
mediating these two forms of behavioral
facilitation. In addition, 5-HT depletion
appeared to disrupt a putative extrinsic
form of habituation of the shortening reflex.
These data support the hypothesis that both
intrinsic and extrinsic processes of
neuromodulation mediate habituation and
sensitization.

Introduction

Sensitization is a form of non-associative learn-
ing involving the facilitation of a given test behav-
ior following the presentation of a sensitizing

stimulus (Thompson et al. 1973). This sensitizing
stimulus usually differs from the stimulus used to
elicit the test behavior in terms of either intensity
or modality. Once sensitization is induced, poten-
tiation of the test behavior is observed throughout
the body, regardless of where or what kind of test
stimulus is applied (Castellucci and Kandel 1976;
Erber and Schildberger 1980; Boulis and Sahley
1988; Davis 1989). One caveat of this generaliza-
tion property is that sensitization will only affect
behaviors of a similar category. For example, a nox-
ious stimulus can sensitize aversive behavior, e.g.,
a defensive withdrawal response, and an appetitive
stimulus can sensitize the appropriate appetitive
behavior, e.g., exposure to food sensitizing a feed-
ing response, but an aversive stimulus cannot sen-
sitize an appetitive behavior or vice versa (Kup-
ferman and Pinsker 1968; Advocat 1980). This
form of non-associative learning is of interest be-
cause of evidence that the physiological pro-
cesses that underlie sensitization also contribute to
associative learning (Hawkins et al. 1993; Sahley
1994).

Using the leech whole-body shortening reflex,
we have observed a form of behavioral facilitation
that resembles sensitization, but has properties
that make it distinct from “normal” sensitization
(Burrell and Sahley 1998). In brief, two mechano-
sensory stimuli were used to test the shortening
response, a novel (SN) and training (ST) stimulus.
These stimuli were approximately equivalent in in-
tensity and differ only in where the stimuli were
applied in a single segment of leech skin. During
training, each preparation was initially stimulated
at the SN to obtain a baseline shortening response
for that site. Shortening at the ST was then induced
in a repetitive manner that normally induces ha-
bituation of this response. This was followed by a
second test of SN-elicited shortening. In prepara-
tions where the ST and SN were relatively distant
from each other (dorsal vs. ventral sides of the
body segment) the results were not surprising, the
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ST-induced shortening habituates while the SN be-
havior is unchanged from its initial baseline. How-
ever, in preparations where the ST and SN were
close together (on the same side of the body seg-
ment), ST-induced shortening did not habituate fol-
lowing repetitive stimulation, but SN-elicited re-
sponses were significantly lower than their initial
baseline response. That is, the site that directly
received habituating stimuli exhibited no behav-
ioral decrement, while a second, nearby site that
did not receive habituating stimuli did experience
a response decrement. Both the facilitation ob-
served at the ST and the response decrement at the
SN were dependent on the proximity of these two
stimulation sites to each other. The selective facili-
tation at the ST was unlikely to be due to short-term
processes such as paired-pulse facilitation or post-
tetanic potentiation since the behavioral facilita-
tion persisted for the 40 min duration of habitua-
tion training. In addition, facilitation at the ST was
still observed when a 10 min resting period was
interposed between the initial SN stimulation and
the beginning of habituation training at the ST (Bur-
rell and Sahley 1998).

The behavioral facilitation at the ST resembles
sensitization of the leech shortening response in
that it prevents the normal behavioral decrement
following habituation training (Boulis and Sahley
1988) but differs from this form of sensitization in
two critical ways. First, the observed behavioral
facilitation was induced by a stimulus (the SN) that
was very similar to the ST, both in terms of inten-
sity and position on the skin where the stimulus
was applied (Burrell and Sahley 1998). Second, the
observed behavioral facilitation was limited to a
specific stimulus–response pathway (the ST) and
was not observed at the SN, which appeared to be
habituated due to the repetitive stimulation at the
ST. This occurred even though the ST and SN were
very similar in terms of the sensory cells shared by
both stimulation sites.

It was concluded that this behavioral plasticity
represented an intrinsic sensitization process, us-
ing the terminology from Davis and File (1984).
Intrinsic sensitization, also known as incremental
(Razran 1971) or wind-up sensitization (Hinde
1970), describes a process in which the physiologi-
cal mechanisms that potentiate the test behavior
occur entirely within the stimulus–response path-
way of that very behavior. This differs from extrin-
sic sensitization, where the facilitation is depen-
dent on the contributions from neural elements
outside of the test behavior’s stimulus-response

pathway (Thompson et al. 1973; Castellucci and
Kandel 1976; Hitchcock et al. 1989; Hawkins et al.
1993). Intrinsic sensitization has been observed in
a variety of vertebrates and invertebrates including
the leech (Lockery and Kristan 1991; Burrell and
Sahley 1998), the mollusk Helix aspera (Prescott
and Chase 1996), the cat (Groves et al. 1970), the
rat (Davis and Wagner 1969; Schanbacher et al.
1996), and in human infants (Bashinski et al. 1985).

Evidence of physiological processes contribut-
ing to extrinsic sensitization are found in Aplysia,
where activation of serotonergic interneurons re-
sults in heterosynaptic facilitation of sensory-to-
motor/interneuron synapses, which contributes to
behavioral sensitization (Hawkins et al. 1993). Sen-
sitization of leech shortening is also dependent on
serotonergic neurons, specifically the Retzius (R)
cells (Ehrlich et al. 1992; Sahley 1994). If sensitiza-
tion is truly mediated by distinctive intrinsic and
extrinsic mechanisms, then different physiological
processes should mediate each type of sensitiza-
tion. In the leech, depletion of serotonin (5-HT)
from the R cells using the 5-HT analog, 5,7-dihy-
droxytryptamine (5,7-DHT), prevents sensitization
of the whole-body shortening response (Ehrlich et
al. 1992; Sahley 1994). In Aplysia, 5,7-DHT-in-
duced 5-HT depletion disrupts dishabituation and
prevents the heterosynaptic facilitation produced
by dishabituating stimuli (both sensitization and
dishabituation are produced by the same noxious
stimulus) (Glanzman et al. 1989). Assuming that
5-HT-dependent sensitization is extrinsic in nature,
it is reasonable to hypothesize that intrinsic sensi-
tization should not be affected by manipulations
that disrupt extrinsic sensitization. Therefore, we
used 5-HT-depletion techniques and intrinsic sen-
sitization training procedures to assess the role of
5-HT on intrinsic sensitization. We confirmed the
hypothesis that intrinsic sensitization in the leech
was not dependent on serotonergic modulation.

Materials and Methods

5-HT DEPLETION

For these experiments, 3-gram leeches were
obtained from a commercial supplier (Leeches
USA) and maintained in artificial pond water (1
gram/2 liter dH2O Hirudo Salt, Leeches USA) in a
20°C room. All dissections were carried out in
leech saline (Muller et al. 1981) maintained at
∼4°C. The protocol for 5-HT depletion in the leech
was the same as that used by Ehrlich et al. (1992).
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The ventral blood sinus, which contains the leech
nerve cord, was exposed and a small incision was
made. A fixed volume (0.1 ml) of 1.0 mM 5,7-DHT
(creatine sulfate complex, Sigma) dissolved in 65
mM ascorbic acid saline was injected into the ven-
tral blood sinus of animals in the 5-HT-depleted
group. A second group of animals (control group)
received injections of ascorbic acid saline solution.
At least two weeks were allowed to pass before the
animals underwent behavioral testing to allow time
for recovery from the injection procedure. No ani-
mals were used beyond one month after treatment,
which insured that all leeches were tested during a
time of maximum 5-HT depletion (Ehrlich et al.
1992).

BEHAVIORAL TESTING PROTOCOL

All behavioral experiments were conducted
using the leech quasi-intact preparation (Burrell
and Sahley 1998). Each preparation was implanted
with two pairs of 0.2-mm Teflon-coated silver wire
(Medwire) electrodes, bared at the point of contact
to stimulate discrete areas of the leech skin. The
electrodes in each pair were bared enough so that
three annuli within a segment (five annuli/seg-
ment) were in contact with the exposed wire. One
pair of electrodes was designated the ST (trained
site) and was used for habituation training. A sec-
ond pair of electrodes was designated the SN

(novel site) and would be used to test for generali-
zation of habituation. Both electrode pairs were
implanted in the same body segment (segment 8),
very close together so that they activated approxi-
mately the same set of mechanosensory cells. Gan-
glia in segments 7–9 of the preparation were ex-
posed so that individual neurons could be re-
corded from intracellularly.

The shortening response was stimulated via
the delivery of a single, 2 msec duration, capacity
coupled electroshock to the skin with the stimula-
tion parameters controlled by a Grass S88 Stimula-
tor and SIU5 Stimulus Isolation Unit. The intensity
of the shock was set to the behavioral threshold of
each preparation. Intrinsic sensitization training
was carried out in the following manner on prepa-
rations in both the control and 5-HT-depleted
groups. Before repetitive stimulation at the ST, the
SN was stimulated [three pulses for 2 min intertrial
interval (ITI)]. This stimulation protocol was ob-
served in previous experiments to induce intrinsic
sensitization of the leech shortening response (Bur-
rell and Sahley 1998) and also provided a baseline
response level for SN-elicited shortening. Two min-

utes after the last the SN baseline trial, habituation
training was carried out at the ST site using the
protocol outline by Sahley et al. [(1994) 20 trials,
one pulse per trial for 2-min ITI]. Data from the 20
habituation-training trials were averaged into four
5-trial blocks. The first block (consisting of trials
1–5) was used as the baseline for the subsequent
responses elicited at the ST. After habituation train-
ing at the ST, the behavioral response at the SN site
was probed for generalization of habituation (as
with the baseline, the average response across
three trials). A third group of preparations (habitu-
ation-only) had only habituation training carried
out on them and did not receive the extra stimuli at
the SN associated with intrinsic sensitization and
did not receive an injection of ascorbic acid or
5,7-DHT.

The magnitude of an evoked shortening re-
sponse was measured using an isometric tension
transducer (Grass Instruments). Extracellular re-
cordings were made using a Grass P/5 A.C. pre-
amplifier. Intracellular recordings of the R cells
were made using sharp glass microelectrodes (15–
20ml resistance; Sutter Instruments P-80 micropi-
pette puller) filled with 3 M potassium acetate and
an Axoclamp 2A amplifier (Axon Instruments).
Data from recording devices was viewed on a stor-
age oscilloscope (Tektronix) and converted for
digital storage using a TL-1 analog/digital interface
and pClamp 6.21 data acquisition program (Axon
Instruments).

NEUROANATOMY PROCEDURES

Following behavioral training, the nerve cords
were dissected from the preparation and tested for
the presence of 5-HT using a modified glyoxylic
acid staining technique (Macagno and Stewart
1987). The tissue was incubated in the glyoxylic
acid solution (68 mg/ml sucrose, 32 mg/ml mono-
basic potassium phosphate, 10 mg/ml glyoxylic
acid at pH 7.4) for 5 min and then allowed to air-
dry 20–30 min. A drop of mineral oil was added to
the dried tissue, which was then mounted on a
microscope slide in mineral oil and heated at 95°C
for 5 min. The stained ganglia were viewed using a
fluorescent microscope with a UV filter and im-
aged with a digital camera and computer imaging
software (Metamorph).

STATISTICS

During data analysis, the behavioral data from
each trial block was normalized to the initial base-
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line response. In the case of the SN, data from the
post-habituation trial block were normalized to the
baseline trial block taken before habituation train-
ing at the ST. In the case of the ST, the habituation
trial blocks (trial block 2–4) were normalized to
trial block 1. Behavioral data were analyzed using
one-way and two-way analysis of variance
(ANOVA) with repeated measures. Analysis was
carried out using the Statistica (Statsoft, Inc.) soft-
ware package.

Results

5-HT DEPLETION

Based on the glyoxylic acid staining results
(Fig. 1), the 5,7-DHT treatments in these experi-
ments depleted 5-HT from the leech CNS to a simi-
lar extent as observed in previous experiments
(Ehrlich et al. 1992; Sahley 1994). Ganglia from
control group animals exhibited fluorescent stain-
ing in the R cells, the posteromedial (M), the ven-
trolateral (VL), and dorsolateral (DL) cells (Fig. 1A).
Ganglia from 5,7-DHT-treated animals showed no
fluorescence in the R cells, while the VL, DL, and M
cells were still positively stained (Fig. 1B). Further-
more, R cells in the depleted group exhibited a
brown pigmentation that was also visible under
normal light (data not shown). In agreement with
Lent (1984), R cells in the depleted group were not
dead based on the fact that they retained their nor-
mal membrane resting potential and the ability to
generate action potentials (data not shown).

BEHAVIORAL RESULTS

Following stimulation at the SN, the whole-
body shortening response elicited at the ST did not
significantly decrease in magnitude during habitu-
ation training in either the control or 5-HT-de-
pleted groups when compared to the group of
preparations that underwent normal habitua-
tion training (no stimulation at a second novel site
prior to training; Fig. 2B). A two-way ANOVA
demonstrated a significant effect of treatment
group (control, 5-HT-depleted, and habituation-
only groups; Ftreat = 4.45, P # 0.05, df = 42) and
training (trial blocks 2–4; Ftrial = 5.09, P # 0.05,
df = 84), but no treatment/trial block interaction
effect (Finter = 2.03, P > 0.05, df = 84). Post hoc
analysis (Neuman-Keuls) for the effect of treatment
group showed that while shortening in the control
and the 5-HT-depleted groups were both signifi-
cantly different from responses in the habituation-
only group (P # 0.05), they were not different
from each other (P > 0.05). These results indicate
that both control and 5-HT-depleted leeches were
capable of undergoing intrinsic sensitization at the
ST due to stimulation at the SN prior to the begin-
ning of habituation training. They also indicate that
the magnitude of the shortening response in
groups that underwent intrinsic sensitization train-
ing was significantly greater than in preparations
from the habituation-only group.

The statistically significant effect of trial block
reflects the relative decrease in the shortening re-
sponse between trial blocks 2 and 4. However, as
Fig. 2B shows, the actual decrease in the shorten-
ing response relative to the initial response level in
the control and 5-HT-depleted groups is much less
than in the habituation-only group. Earlier experi-
ments (Burrell and Sahley 1998) clearly show that
preparations that had undergone the same intrinsic
sensitization training as the control and 5-HT-de-
pleted groups did not habituate. The lack of signifi-
cant treatment/trial block interaction effect in the
current data set did not allow a post-hoc test of
effects of trials to be carried out on each of the
treatment groups. Instead a one-way ANOVA, test-
ing for differences between the three treatment
groups, was carried out on the shortening re-
sponses from trial block 4 only. Because all the data
has been normalized to an initial baseline (trial
block 1), the magnitude of the response at trial
block 4 reflects the level of behavioral decrement
due to habituation training. The results of this
analysis demonstrate a statistically significant effect

Figure 1: Glyoxylic acid staining of 5-HT-depleted and
control ganglia. (A) Ganglion from a leech treated with
ascorbic acid. In these control animals, the R cells do
stain positive for 5-HT. Other serotonergic neurons that
are stained by this procedure are the DL, VL, and pos-
teromedial (M) neurons. (B) Ganglion from a leech
treated with 5,7-DHT. Although other 5-HT-containing
neurons still stain positive for 5-HT, the R cells do not
stain for 5-HT indicating depletion of 5-HT. Bar, 50 µm.
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of the treatment group on the trial block 4 re-
sponses (F = 7.30, P # 0.01). Post hoc analysis
showed that the trial block 4 responses from both
control and 5-HT-depleted groups were signifi-
cantly higher than those from the habituation-only
group (P # 0.05 and P # 0.01, respectively), but
were not significantly different from each other
(P > 0.05). This analysis supports the conclusion
that both the control and 5-HT-depleted groups did
not undergo habituation as a result of intrinsic sen-
sitization training.

Although 5-HT depletion did not affect intrin-
sic sensitization at the ST, the expression of habitu-
ation normally seen at the SN was surprisingly
absent in the 5-HT-depleted group. In earlier ex-
periments (Burrell and Sahley 1998), this same
training procedure produced behavioral facilita-
tion in ST-elicited shortening and behavioral de-
pression in SN-elicited responses. This latter effect
was presumably due to generalization of habitua-
tion training from the ST to the SN. However, in
the current experiments, SN-elicited shortening in
preparations from the 5-HT-depleted group did
not decrease relative to baseline following habitu-
ation training at the ST (Fig. 2B). The SN responses
from the control group, on the other hand, were
substantially lower than the initial baseline after

training, in agreement with earlier observa-
tions (Burrell and Sahley 1998). A two-way ANOVA
confirmed that 5-HT depletion had a significant
effect on SN-elicited behavior following ST habitu-
ation training (Ftreat = 4.25, P # 0.05, df = 29;
Ftrial = 1.23, P > 0.05, df = 29; Finter = 4.25, P # 0.05,
df = 29). Post hoc analysis of these results showed
that SN-elicited shortening in the control group was
significantly lower then the responses before train-
ing (P # 0.05), while SN behavior from the 5-HT-
depleted group was unchanged from baseline
(P > 0.05).

The injections of 5,7-DHT or ascorbic acid did
not alter whole-body shortening itself. A compari-
son of tension transducer measurements taken dur-
ing trial block 1 showed no statistical differences
between the 5-HT-depleted, the control (ascorbic
acid injected) or the habituation-only groups
(means of tension transducer recordings = 0.22 g,
0.22 g, 0.29 grams, respectively; one-way ANOVA:
F = 1.18, df = 42, P > 0.05).

DISCUSSION

These experiments provide the first evidence
that intrinsic sensitization of the leech whole-body

Figure 2: Effects of 5-HT depletion on intrin-
sic sensitization and extrinsic habituation. (A)
Experimental protocol for intrinsic sensitiza-
tion training of the leech whole-body shorten-
ing response. This protocol was used to test
preparations from both the control and 5-HT-
depleted groups. Preparations from the habitu-
ation-only group did not receive mechanosen-
sory stimuli at a second, novel site prior to or
after habituation training. (B) ST-elicited behav-
ior from both the control (s) and 5-HT-de-
pleted (d) preparations did not habituate in
spite of repeated mechanosensory stimulation
(trial blocks 1–4) following the induction of in-
trinsic sensitization. The habituation-only
group (.) demonstrates the changes in the
shortening response during normal habituation
training, when intrinsic sensitization is not in-
duced. SN-elicited shortening did significantly
decrease due to a putatively extrinsic form of
habituation in the control group (h), but the SN

response in the 5-HT-depleted group (j) did
not habituate.
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shortening response involves physiological mecha-
nisms that are distinct from those of extrinsic sen-
sitization of this behavior. Intrinsic sensitization of
ST-elicited shortening was equally inducible in
both control and 5-HT-depleted leeches. These re-
sults suggest that intrinsic sensitization of leech
shortening is a 5-HT-independent process, unlike
extrinsic sensitization and dishabituation of short-
ening in the leech (Ehrlich et al. 1992; Sahley
1994) or dishabituation of gill withdrawal in Aply-
sia (Glanzman et al. 1989), both of which are dis-
rupted by 5-HT-depletion.

Another interesting result from these experi-
ments was that 5-HT depletion altered the habitu-
ation process in SN-elicited behavior that normally
occurs following habituation training at the ST.
This was particularly surprising, as 5-HT depletion
has not been observed to affect habituation in the
leech, Aplysia, or Helix locorum (Zakharov and
Balaban 1987; Glanzman et al. 1989; Ehrlich et al.
1992; Sahley 1994). Nevertheless, the current data
suggest that 5-HT plays a role in habituation of
leech whole-body shortening.

BEHAVIOR

Based on the data presented above, 5-HT
depletion does not alter the ability of the leech
whole-body shortening response to undergo intrin-
sic sensitization. During intrinsic sensitization
training, the behavioral responses of preparations
that had undergone 5,7-DHT-induced 5-HT deple-
tion did not differ from those of the ascorbic acid
control groups. These results differ from previous
experiments with the leech where 5-HT depletion
completely disrupted extrinsic sensitization and
partially disrupted dishabituation and associative
learning (Ehrlich et al. 1992; Sahley 1994). They
also differ from studies in Aplysia where 5-HT
depletion disrupts dishabituation and prevents het-
erosynaptic facilitation induced by dishabituating
stimuli (Glanzman et al. 1989). Even though extrin-
sic sensitization and dishabituation are known to
be distinctive forms of learning (Rankin and Carew
1988; Sahley 1994), these results are relevant be-
cause both forms of learning are induced by the
same type of stimulus and, in the case of Aplysia,
involve the heterosynaptic facilitation at the same
synapses (Hawkins et al. 1993). The data indicate
that differences in the 5-HT-dependence between
intrinsic and extrinsic sensitization in the leech re-
flect differences between these two forms of non-

associative learning. Extrinsic sensitization is pro-
duced by stimuli that are qualitatively different
from the stimuli used in this paper in terms of
stimulus magnitude, position/direction, or modal-
ity (Castellucci and Kandel 1976; Boulis and Sahley
1988; Davis 1989). Stimuli that produce extrinsic
sensitization potentiate behavior through the activ-
ity of extrinsic modulatory interneurons that facili-
tate one or more neurons involved in generating
the behavior of interest (Hawkins et al. 1981;
Ehrlich et al. 1992). Once the extrinsic modulatory
neuron has been activated, every behavior whose
underlying neural circuit is sensitive to the modu-
latory transmitter will be affected. Based on the
results from earlier 5-HT-depletion studies in the
leech, the serotonergic R cells appear to represent
the source of extrinsic modulation that mediates
extrinsic sensitization of leech whole-body short-
ening (Ehrlich et al. 1992; Sahley 1994).

Intrinsic sensitization, on the other hand, is
dependent on modulatory processes that occur
within the stimulus–response pathway (Davis and
File 1984; Prescott 1998) and thus, one would not
expect intrinsic sensitization to be affected by ma-
nipulations that disrupt extrinsic sensitization. As
the results of this study show, intrinsic sensitiza-
tion was not affected by a level of 5-HT depletion
(see below) known to disrupt extrinsic sensitiza-
tion in the leech. These results are in agreement
with a similar series of experiments involving in-
trinsic sensitization of the rat acoustic startle re-
sponse. Extrinsic sensitization of this reflex is
known to involve modulatory input from the amyg-
dala and lesions of this structure have been shown
to disrupt extrinsic, but not intrinsic, sensitization
of the startle response (Hitchcock et al. 1989;
Schanbacher et al. 1996).

Evidence that the site of intrinsic sensitization
is within the stimulus–response pathway is pro-
vided by behavioral results from Burrell and Sahley
(1998). While the ST is sensitized, indicated by the
fact that it does not habituate following repeated
stimulation, this same repetitive stimulus does ha-
bituate the SN despite the fact that the ST and SN

share nearly all the same sensory cells (Burrell and
Sahley 1998). In fact, the closer, and therefore
more similar, the “sensitizing” SN stimulus was to
the ST (which corresponded to the number of
shared mechanosensory neurons), the greater the
level of facilitation observed during subsequent ha-
bituation training at the ST. That the facilitating
process is so specific indicates that this form of
sensitization is mediated by modulation within the

Burrell and Sahley

&L E A R N I N G M E M O R Y

514



stimulus–response pathway activated by the test
stimulus (in this case, the ST).

One difference between the behavioral results
observed here and those from previous intrinsic
sensitization experiments in the leech is that the
shortening reflex elicited at the SN did not habitu-
ate in the 5-HT-depleted group. This was surprising
because the same training protocol used in the cur-
rent experiments reliably produced sensitization at
the ST and habituation at the SN in three separate
groups of animals (Burrell and Sahley 1998) as well
as in the control group in the current experiment.
Although habituation was not directly tested in the
5-HT-depleted leeches used in these experiments,
5-HT depletion did not affect habituation of short-
ening in the leech in two separate experiments
using the same depletion protocol (Ehrlich et al.
1992; Sahley 1994). Similarly, habituation was not
disrupted in the snail, H. lucorum, by 5,7-DHT-
induced 5-HT depletion (Zakharov and Balaban
1987). The lack of habituation at SN can not be due
to an effect on the shortening response itself be-
cause neither the control nor the 5-HT-depleted
group differed in terms of initial magnitude of be-
havior. Therefore, the effect of 5-HT depletion on
the SN-elicited responses must be thought of in
terms of an effect on learning and not on the short-
ening response itself.

A potential explanation is that 5-HT depletion
has disrupted a physiological component of habitu-
ation that could not be detected in earlier deple-
tion experiments in the leech because of differ-
ences in training protocols between those experi-
ments and the one used in this study. As with
sensitization, it is likely that habituation is medi-
ated by intrinsic and extrinsic processes of neuro-
plasticity (Davis and File 1984). The intrinsic com-
ponent of habituation may involve homosynaptic
depression of sensory neurons onto their post-syn-
aptic targets as described in Aplysia (Castellucci et
al. 1970; Hawkins et al. 1993). The extrinsic or
heterosynaptic component of habituation could
potentially involve an inhibitory neuron(s) that is
not part of the actual neural circuit of a given test
behavior, but is activated by repetitive stimulation
and has an inhibitory effect on one or more com-
ponents of that circuit. Evidence of a heterosynap-
tic, extrinsic component to habituation has been
observed in Aplysia (Goldberg and Lukowiak
1984; Stopfer and Carew 1996), the crayfish
(Krasne and Teshiba 1995) and in the leech (Bur-
rell and Sahley 1998). These intrinsic and extrinsic
habituating processes may be independent of each

other, so that the disruption of one inhibitory pro-
cess will not affect the other, allowing the unaf-
fected process to compensate during habituation
training.

The effect of 5-HT depletion on SN habituation
may be explained by the following model of non-
associative learning that incorporates both intrinsic
and extrinsic mechanisms of sensitization and ha-
bituation. A diagrammatic form of this model is
presented in Figure 3. Normally during habituation
training, both intrinsic and extrinsic inhibitory pro-
cesses contribute to the behavioral decrement (Fig.
3A). In situations where intrinsic sensitization is
induced, the intrinsic inhibitory process may be
blocked or overridden by the physiological pro-
cesses that support intrinsic sensitization without
affecting the inhibitory components that contrib-
ute to extrinsic habituation (Fig. 3B). Even though
the SN may share many of the same sensory neu-
rons with the ST, habituation can still occur at the
SN because it is still affected by extrinsic habitua-
tion processes, which compensates for the lack of
the intrinsic habituation. This would explain why
habituation is prevented at the ST, the site that is
actually receiving repeated stimuli, while habitua-
tion at a nearby novel site (SN) can still occur. If
this extrinsic habituating process is at least par-
tially 5-HT-dependent, then 5-HT-depleted animals
that have also undergone intrinsic sensitization will
be unable to express habituation at the SN. This is
because, in addition to having the intrinsic inhibi-
tory processes blocked by intrinsic sensitization,
the proposed 5-HT-dependent extrinsic habituat-
ing mechanism is also disrupted due to 5-HT deple-
tion (Fig. 3C). Therefore, since both intrinsic and
extrinsic habituating processes are disrupted, ha-
bituation is prevented for SN-elicited responses.
One would not expect to have observed this puta-
tive 5-HT-dependent component of habituation in
previous leech 5-HT depletion experiments be-
cause intrinsic sensitization was not induced dur-
ing those experiments. Therefore, the intrinsic
component of habituation was not blocked and
could compensate for the disruption of the 5-HT-
dependent extrinsic inhibitory process.

The possibility that 5-HT may contribute to ex-
trinsic habituation does not contradict the estab-
lished role of 5-HT in extrinsic sensitization. It sim-
ply suggests that 5-HT may have excitatory effects
relevant to sensitization on some shortening-re-
lated neurons and inhibitory effects relevant to ha-
bituation on others. That a single neuromodulator
may have multiple and even opposing effects on
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different neurons contributing to the same behav-
ior has been observed in other animals (Harris-War-
rick 1991). In the leech, 5-HT is known to have an
inhibitory effect on the mechanosensory pressure
cells (LeBmann and Dietzel 1995; Catarsi and
Drapeau 1996) and on the R cell (Acosta-Urquidi et
al. 1989), while having an excitatory effect on the
S cell (B. Burrell, unpubl.), an interneuron known
to be critical for extrinsic sensitization of the short-
ening reflex (Modney et al. 1997). In addition,
there is precedent for 5-HT-mediated inhibition of
a behavioral reflex, specifically in the restraint-in-
duced inhibition of the crayfish escape response
(Glanzman and Krasne 1983; Glanzman and Krasne
1986).

5-HT DEPLETION

Based on glyoxylic acid staining results, the
level of 5-HT depletion in these experiments was
similar to previous experiments that have used this
depletion procedure (Ehrlich et al. 1992; Sahley
1994). No 5-HT-positive staining was observed in
the R cells from the 5-HT-depleted group while the
other serotonergic cell bodies were still positively
stained. In addition, the R cells from the 5-HT-de-
pleted group exhibited a brown pigmentation that
has been observed by other investigators using 5,7-
DHT to induce 5-HT depletion (Lent 1982; Lent
and Dickinson 1984; Kemenes et al. 1989; Ehrlich
et al. 1992). Based on quantitative measurements

Figure 3: Contribution of intrinsic and extrinsic non-associative
learning processes to SN-elicited behavior. In this simplified diagram,
intrinsic neuromodulation is represented as occurring within the
stimulus-response pathway while extrinsic modulatory processes af-
fect the behavior from outside the stimulus-response pathway. These
neuromodulatory processes may potentiate (+) or depress (−) the be-
havior, which ones are active depends on the training conditions.
Activated modulatory nodes are indicated in bold and by solid lines
connecting them to the behavioral output. Inactivated nodes have
normal type set and broken lines showing their connections. The dia-
grams are not meant to show precise sites of neuroplasticity but are
simply demonstrating whether plasticity occurs within (intrinsic) or
outside of (extrinsic) the stimulus–response pathway. (A) Habituation.
Following normal habituation training, repetitive stimulation generates
both intrinsic and extrinsic habituating processes resulting in the re-
sponse elicited by the SN. (B) Intrinsic sensitization. Although intrin
sic sensitization may block or override intrinsic habituation processes, a nearby stimulus (such as the SN) may still produce
a habituated response due to the influence of the extrinsic habituating process. This extrinsic habituation is the result of
repetitive stimulation at the ST. (C) Intrinsic sensitization with 5-HT depletion. The same conditions as B, except that
extrinsic habituation has been disrupted, potentially due to 5-HT depletion. In the absence of extrinsic habituation, the
only modulatory process affecting SN-elicited response is intrinsic sensitization. Therefore, the SN-elicited response is not
depressed despite the repetitive stimulation at the nearby ST.
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by Lent (1984), this depletion procedure results in
a near total reduction of 5-HT in the R cell, which
translates to a 50% reduction of 5-HT in a single
ganglion.

Although intrinsic sensitization is clearly not
dependent on 5-HT-input from the R cell, it may
receive serotonergic modulation from other 5-HT-
containing neurons that may not be depleted by
5,7-DHT treatments. Lockery and Kristan (1991)
have shown that cells 21 (DL cell) and 61 (VL cell)
facilitate the local bending reflex in the leech. For
these neurons to play a role in intrinsic sensitiza-
tion it would have to be shown that they are part
of the whole-body shortening neural circuit and
that their modulatory effects can be focused on a
specific stimulus-response pathway without affect-
ing neighboring pathways. However, it should be
noted that even though the soma of the DL and VL
cells in 5,7-DHT-treated animals still contain 5-HT,
the axons and synapses of these neurons might
actually be depleted. The modes of action of 5,7-
DHT involve (1) the selective absorption of 5,7-
DHT at the synapses by serotonergic neurons
through their 5-HT re-uptake processes, (2) dis-
placement of 5-HT stores within the synapse, and
(3) possible inhibition of 5-HT synthesis (Cook and
Orchard 1993). As a result, the strongest effects of
5,7-DHT are in the most distal portions of the neu-
ron. Various studies have shown that even when
fine processes and release-sites of a neuron are de-
pleted, larger-diameter processes and the cell body
may still contain 5-HT (Gadotti et al. 1986; Glan-
zman et al. 1989; Cook and Orchard 1993). There-
fore, it is possible that 5,7-DHT treatment has re-
moved all serotonergic modulation in the leech
and that intrinsic sensitization is a completely
5-HT-dependent process. Unfortunately, it has not
been possible to visualize the fine processes of
5-HT-containing neurons in the adult leech with
either glyoxylic acid or immunocytochemical stain-
ing techniques, so this question is left unanswered
for now.

CONCLUSIONS

Traditionally, the physiological mechanisms of
non-associative learning have been thought of in
terms of intrinsic processes underlying habituation
versus extrinsic processes mediating sensitization.
Habituation was thought to depend on homosyn-
aptic depression, a decrease in synaptic signaling
between neurons within the neurobehavioral cir-
cuit (an intrinsic process) (Castellucci et al. 1970;

Walters et al. 1983). Sensitization, on the other
hand, was thought to be the result of heterosynap-
tic facilitation, an increase in synaptic signaling be-
tween cells in the neural circuit due to extrinsic
neuromodulation (Castellucci and Kanel 1976;
Byrne et al. 1978; Hawkins et al. 1981; Ehrlich et al.
1992). Davis and File (1984), and more recently
Prescott (1998), have suggested that instead of an
exclusive relationship of intrinsic modulation with
habituation and extrinsic modulation with sensiti-
zation, that both forms of nonassociative learning
could utilize intrinsic and extrinsic mechanisms of
neural plasticity.

Data from the experiments in this paper indi-
cates that distinct physiological processes mediate
intrinsic and extrinsic forms of sensitization, a con-
clusion that appears to agree with at least one
other study (Schnabacher et al. 1996). While the
precise physiological process that mediates intrin-
sic sensitization in the leech is unknown, a strong
possibility is that some form of intrinsic neuro-
modulation plays a role. Intrinsic neuromodulation
involves modification of a neural circuit due to the
activity of a neuron that is actually part of the cir-
cuit being modified. This form of neuromodulation
has been observed in neuromuscular circuits
(Cropper et al. 1987a,b, 1988), and in central pat-
tern generators (Meyrand et al. 1991; Nusbaum et
al. 1992; Katz and Frost 1995). In some cases, in-
trinsic neuromodulation involves the co-release of
both a standard and a modulatory neurotransmitter
by the same neuron (Cropper et al. 1987a,b, 1988),
while in other cases a single neurochemical acts as
both neurotransmitter and neuromodulator (Katz
and Frost 1995). Intrinsic neuromodulation is
thought to contribute to intrinsic sensitization be-
cause the modulatory process is induced by activ-
ity of the stimulated circuit and the effect of this
modulation is localized to that activated circuit.

Another potential clue as to the cellular basis
of intrinsic sensitization is provided by an intrigu-
ing study by Jin et al. (1998) and involves the pre-
synaptic activity of Ca+2/calmodulin-dependent
protein kinase II (CaMKII). In this study, transgenic
Drosophila expressed an autophosphorylated (and
therefore chronically active) form of CaMKII in a
selective set of sensory neurons. Habituation train-
ing of a leg-withdrawal reflex failed to produce a
response decrement in the transgenic flies (Jin et
al. 1998). The response pattern looks very similar
to what was observed during intrinsic sensitization
and it is possible that CaMKII activity in sensory
neurons within a stimulus-response pathway plays
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a role in this process. Given the intrinsic sensitiza-
tion training protocols developed earlier (Burrell
and Sahley 1998) and the fact that its nervous sys-
tem is amenable to detailed physiological studies,
the leech should be very useful in studying the
potential role of CaMKII, as well as other physi-
ological processes, in intrinsic sensitization.

The data in these experiments, in addition to
results from Burrell and Sahley (1998), clearly
show that nonassociative learning is mediated by a
variety of processes of neuroplasticity. These pro-
cesses utilize both intrinsic and extrinsic forms of
neuromodulation and may interact with each other
(as shown in Fig. 3) to produce the final behavioral
output. It is important that further studies are car-
ried out to better understand these mechanisms of
neuroplasticity, not simply to examine the physi-
ological mechanisms underlying nonassociative
learning, but also to uncover modulatory proper-
ties of the nervous system that may contribute to
more complex, associative forms of learning.
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